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By T. W. Reynolds 

SUMMARY 

Some of the considerations involved i n  t h e  design of aircraft f u e l  
tanks f o r  l i qu id  hydrogen a r e  discussed herein.  
propert ies  of metals and thermal insulators  i n  the  temperature range from 
ambient t o  liquid-hydrogen temperatures a re  assembled. Calculations based 
on these proper t ies  ind ica te  t h a t  it i s  possible  t o  bui ld  a large-s ize  
liquid-hydrogen f u e l  tank which (1) w i l l  weigh l e s s  than 15 percent of 
the f u e l  weight, (2) will have a hydrogen vaporization rate less than 30 

Several  of t he  physical 

percent of the  c ru ise  fuel-flow ra t e ,  and (3) can be  
condition and readied f o r  f l i g h t  i n  a s h o r t  t i m e .  

INTRODUCTION 

Recent performance analyses have indicated t h a t  
o f f e r s  promising advantages a s  a f u e l  f o r  both long- 
high-al t i tude a i r c r a f t  operation ( r e f .  1). In  order 
vantages, however, the  fuel-tank weight must be kept 
of t h e  f u e l  weight. 

held i n  a stand-by 

l i qu id  hydrogen 
and short-range, 
t o  obtain these ad- 
t o  a small f r ac t ion  

To keep the tank weight l i g h t  with a f u e l  of t he  very low densi ty  
(4 .42  lb/cu f t )  and low boiling-point temperature (37' R) of l i qu id  hydro- 
gen causes problems not  encountered w i t h  ordinary l i qu id  f u e l s .  
experience i n  the l iquefac t ion  of hydrogen and i n  t h e  storage and t r ans fe r  
of l i qu id  hydrogen has indicated t h a t  the problems involved i n  i t s  use as 
an aircraft f u e l  a re  not insurmountable. Concepts of fuel-tank design 
d i f f e ren t  from those used f o r  ground storage are required f o r  a i r c r a f t  
f u e l  tanks.  Ground storage Dewar vessels, designed f o r  low heat-leak 
ra tes ,  a r e  mult iple-shel l  units and have much too high a r a t i o  of tank 
weight t o  f u e l  weight t o  be considered for  f l i g h t  use.  

Recent 

I n  t h i s  repor t  are assembled some of the  physical  p roper t ies  of 
mater ia ls  and other  considerations involved i n  the  design of a l iqu id-  
hydrogen a i r c r a f t  f u e l  tank. 
an t ic ipa ted  performance of a par t icu laz  f u e l  tank f o r  a long-range a i r -  
c r a f t  a r e  reported. 

I n  addition, some d e t a i l s  of the design and 



GENERAL DES IGN CONSIDERATIONS 

Values of some of t he  physical  p roper t ies  of hydrogen which are 
presented i n  references 2 and 3 have been reproduced i n  table I and f i g -  
ures 1 and 2 .  

The major considerations involved i n  t h e  design of a f u e l  tank f o r  
an airplane using hydrogen as f u e l  are (1) it must be l i g h t  weight, 
(2)  it should not have a heat-leak r a t e  such t h a t  f u e l  w i l l  vaporize 
faster then the  engines w i l l  burn it a t  c ru ise  conditions, and (3) it 
should be  capable of s tor ing  f u e l  on the  ground f o r  a reasonable length 
of time without loss of f u e l .  

Present  designs of ground storage D e w s  vessels  fo r  l i q u i d  hydrogen 
employ a t r ip le - jacke ted  construction. 
the l iqu id  hydrogen, i s  surrounded by a vacuum space, a l iquid-nitrogen- 
cooled r ad ia t ion  shield,  another vacuum space, and an outer  s h e l l .  This 
construction, besides having multiple she l l s ,  requi res  the  outer  w a l l ,  a t  
least, t o  withstand a f u l l  vacuum. Such construction, while necessary t o  
maintain t h e  low losses  required for long-time storage of l i q u i d  hydrogen, 
i s  obviously too  heavy f o r  a f l i g h t  f u e l  tank. 

The inner she l l ,  which contains 

In order t o  maintain the  tank weight t o  a s m a l l  f r a c t i o n  of t he  f u e l  
weight, it w i l l  be impossible t o  use more than  a s ingle-she l l  tank with an 
extremely light-weight insu la t ion  around it. Such a t ank  cannot be b u i l t  
t o  have a very low heat-leak r a t e  o r  fue l - lo s s  r a t e  such as t h e  storage 
Dewar  vessels  have. 

The following p r inc ipa l  spec i f ica t ions  were assumed f o r  t h e  tank 
design reported herein: 

(1) The fuel-tank weight s h a l l  be no more than about 15 percent  of 
t h e  f u e l  weight. 

( 2 )  The heat-leak rate w i l l  be such t h a t  f u e l  w i l l  vaporize no f a s t e r  
than about one-third of t h e  fuel-flow rate  f o r  normal r a t ed  engine speed. 

Rather than specify a no-loss t i m e  on t h e  ground a f t e r  f i l l i n g  a 
tank, t he  time w a s  determined after meeting the  preceding two requirements. 

MATERIALS OF CONSTRUCTION 

Metals 

Only l imi ted  data a r e  ava i lab le  on the  s t rength  of metals and a l loys  
The t e n s i l e  and y i e ld  a t  the temperature of l i q u i d  hydrogen (37' R) . 

strengths of most metals increase as the  temperature i s  lowered. However, 
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some mater ia ls ,  f o r  example the f e r r i t i c  s t ee l s ,  become very b r i t t l e  a t  
subzero temperatures and are  unsatisfactory as structural mater ia l s .  
Recent work ( r e f s .  4 t o  6) has indicated t h a t  t h e  a u s t e n i t i c  s t a i n l e s s  
s t ee l s ,  monels, and aluminum a l loys  have s a t i s f a c t o r y  proper t ies  f o r  use 
at  liquid-hydrogen temperatures. Yield s t rength of some of the metals 
increases  from 50 t o  100 percent of t he i r  room-temperature value i n  de- 
creasing t o  these low temperatures. A t  t h e  same time t h e  d u c t i l i t y  re- 
mains at usable values and t h e  impact strength does not change much f r o m  
room temperature values. 

Recent da ta  on the  y i e ld  s t rength and d u c t i l i t y  of s t a i n l e s s  s t e e l s  
303, 310, and 316, Z4ST aluminum, and monel ( r e f .  5) a r e  shown i n  f i g -  
ures 3 and 4. D a t a  f o r  s t a i n l e s s  s t e e l  type 301 (ref. 6) are a l s o  shown 
on f i g u r e  3. 
i n  excess of 150,000 pounds per square inch may be a t t a ined  by ce r t a in  
hardened s t a i n l e s s  s t e e l  a l loys  at  37' R .  

These extrapolated da ta  indicate t h a t  yield-s t rength values 

A t  a y i e ld  s t rength of 150,000 pounds per square inch f o r  s t e e l ,  t he  

A l i g h t e r  weight tank could 
strength-to-weight r a t i o  f o r  the  s ta in less  s t e e l  i s  s t i l l  only about 
three-fourths  of t h a t  f o r  the  24ST aluminum. 
be made from the  aluminum al loy .  However, s t a i n l e s s  s t e e l  may s t i l l  be 
the  des i rab le  mater ia l  f o r  construction because of i t s  superior impact 
and welding proper t ies .  

When a f u e l  tank using l i q u i d  hydrogen i s  cooled from ambient t e m -  
peratures  t o  37' R, t he  heat capacity of t h e  m e t a l s  w i l l  be of i n t e r e s t  
i n  ca lcu la t ing  the cooling load. Figure 5 shows t h e  heat capacity of 
several  metals i n  t h i s  temperature range ( r e f .  7)  . 
in tegra ted  t o  give enthalpy values above O o R  ( f i g .  6) f o r  more conven- 
i e n t  use i n  heat-load ca lcu la t ions .  

These d a t a  have been 

I The la rge  temperature range through which the  tank mater ia ls  operate 
causes thermal expansion and contraction problems. Linear coef f ic ien ts  
of thermal expansion of several  metals ( r e f s .  8 t o  10) i n  t h e  range from 
Oo t o  300° K (Go t o  540° R )  a r e  shown i n  f i gu re  7 .  
of expansion coef f ic ien ts  from 300' t o  Oo K a r e  presented i n  f igure  8. 

The integrated values 

Data on thermal conduct ivi t ies  and emiss iv i t ies  of various metals i n  
t h i s  temperature range may be found i n  references 11 t o  14. 

I Insulat ing Pkteri  a l s  

A discussion of t he  problems o f  low-temperature insu la t ion  i s  pre- 
sented i n  references 15 t o  20. I n  general, the  cha rac t e r i s t i c s  of an 
insu la tor  which a re  desirable  f o r  t h i s  pa r t i cu la r  appl ica t ion  a re  

(1) Low thermal conductivity 



( 2 )  LOW vapor penetrat ion 

(3) Good compressive s t rength 

(4)  LOW dens i ty  

The thermal conductivity of a nurriber of i n su la to r s  a t  l i qu id -  
hydrogen temperature and a t  l iquid-ni t rogen temperature both i n  vacuum 
and i n  the  presence of hydrogen and n i t rogen  gas i s  given i n  reference 
21. 
su la tors .  
l iquif ied-gas  storage containers.  
ever, requir ing a supporting container.  
has a higher density-conductivity product than several  other  i n su la to r s  
of i n t e r e s t .  
duced that have both low thermal conductivity and low densi ty .  
t h e  f ibrous nature of these materials, which gives them poor vapor b a r r i e r  
qua l i t i e s  and lack of compressive strength,  makes them poor choices f o r  
t h i s  appl icat ion.  

Santocel has one of t he  lowest thermal conduct ivi t ies  of known in-  
It i s  used extensively i n  evacuated s h e l l s  f o r  i n su la t ion  of 

Santocel i s  a granular insu la tor ,  how- 
It i s  subject t o  s e t t l i n g  and 

Kapok m d  several f ib rous  g l a s s  insu la t ions  have been pro- 
However, 

The type of mater ia l  t h a t  seems t o  o f f e r  t he  best insu la t ing  possi-  
b i l i t i e s  i s  a foamed p l a s t i c .  
styrene foam). 
discontinuous. 
pressive s t rength.  
physical  p roper t ies  a re  dependent on the  dens i ty  of t h e  material. Some 
of the physical  p roper t ies  of Styrofoam a t  77' F ( r e f .  22) a r e  given i n  
t h e  following tab le :  

Typical of t h i s  ty-pe i s  Styrofoam ( a  poly- 
This p l a s t i c  i s  c e l l u l a r  i n  s t ruc ture  with the  c e l l s  
Styrofoam has negl ig ib le  vapor penetrat ion and good com- 

I t s  It can be made i n  various shapes and d e n s i t i e s ,  

Foam density,  lb/cu f t  
Compressive y i e ld  strength,  p s i  
Tensile s t rength , p s i  
Shear strength,  p s i  
Impact s t rength,  3/8" by 1/8" section, 

i n .  -1b 

1 ('F/in.) 
Coefficient of l i n e a r  expansion, 

IThemal Conductivity, B t U / (  Sq f t )  (hr) 

Specif ic  heat, Btu/(lb)(OF) a t  40' . .  F 
Water vapor transmission, grains/(  sq f t )  

(hr) ( i n .  of thickness) ( i n .  Hg vapor 
pressure difference)  __ 

10 -20 15 -25 
30 -45 50-70 
15 -25 25 -35 

0 -23-0.30 

2 -5 X ~ O  -5 

0.27 
1.5-3 -0  

2 .G 
25-35 
80 - 1OC 
35 -45 
2 -1-2 - 7  I 

The compressive s t rength i s  about 50 percent grea te r  a t  l iqu id-  
ni t rogen temperature (78' R) than it i s  a t  room temperature. 
t ion ,  of t he  thermal conductivity with temperature for Styrofoam (ref. '23) 
i s  shown in f igu re  9. 

The v-wia- 
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Other types of expanded p l a s t i c  foam might a l so  prove of i n t e r e s t .  
Isocyanate foams, f o r  example, can be foamed i n  place (ref. 24), and may 
have t h e  advantage of ease of i n s t a l l a t ion .  

DESIGN CALCULATIONS 

The cha rac t e r i s t i c s  and performance o f  a t a d c  t o  hold nominally 
25,000 pounds of l i qu id  hydrogen are presented i n  the following paragraphs. 
This tank i s  the  approximate s i ze  selected f o r  t h e  5500-nautical-mile- 
range subsonic bomber discussed i n  reference 1. The cruise  fuel-flow 
rate i s  assumed t o  be I350 pounds per hour. 

Ta.nk Shel l  

The t ank  will be pressurized, the pressure aiding i n  maintaining the  
fuel- tank shape. A s  noted i n  figure 2, the densi ty  of the saturated 
l i qu id  va r i e s  considerably with the  equilibrium pressure.  Liquid expan- 
s ion may be considerable as the l iqu id  heats u n t i l  t h e  vapor pressure 
reaches t h e  tank design pressure.  For example, at  30 pounds per  square 
inch absolute, expansion i s  about 5 percent, a t  60 pounds per  square inch 
it i s  12 percent, and a t  150 pounds per square inch it i s  near ly  40 per-  
cent.  
an t ic ipa ted  l i qu id  expansion. Since t h e  fuel-tank weight will a l so  in- 
crease as t h e  design pressure i s  increased, it i s  des i rab le  t o  keep the  
tank pressure as low as possible .  

Allowance must be made f o r  an expansion volume grea te r  than  t h e  

It w a s  pointed out i n  reference 1 t h a t  a tank pressure of 2 atmos- 
pheres would be adequate f o r  pumping t h e  f u e l  a t  t he  high-al t i tude cruise 
condition. A cy l indr ica l  tank 10 f e e t  i n  diameter and 81.6 feet long, 
including hemispherical ends, has a volume of 6151 cubic f e e t .  This i s  
near ly  9 percent over the nominal volume o f  25,000 pounds of l i qu id  a t  
1-atmosphere pressure.  This expansion volume i s  adequate f o r  a working 
pressure of 2 atmospheres. 

If a y ie ld  s t rength of 150,000 pounds per square inch f o r  a hardened 
300-series s t a in l e s s  s teel  a t  37' R and a s a fe ty  f a c t o r  of 2 a r e  assumed, 
t h e  s h e l l  thickness w i l l  be 0.024 inch. The surface area of t h i s  s h e l l  
i s  2564 square feet and t h e  weight 2564 pounds. 

Heat-Le& and Surface Temperatures 

The tank i s  insulated with a layer  of  Styrofoam, which i s  covered 
with laminated Mylar-aluminum f o i l .  A schematic cross sec t ion  of the  
tank i s  shown i n  f igu re  10. A n  estimate of t he  heat leak and surface 
temperatures w a s  made i n  t h e  following manner: The hea t  t ransfer red  
through the  Styrofoam insu la t ion  w a s  set equal t o  that t ransfer red  from 
t h e  surroundings t o  t h e  surface by radiat ion and na tu ra l  convection: 
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( 1) k 9 =: h A (ta - ts) + hr&As(ta - ts) = - L m s  A [t - ( -423)]  
8 c s  

where 

A, 

AS 

DO 

A t  

& 

hC 

hr 
k 

L 

4 

ta 

e 

t S  

logarithm of m e a n  area of inner and outer  insu la t ion  surfaces, sq 
f t  (Am d i f f e r s  from As by only about 2 percent and i s  therefore  
assumed equal t o  A, i n  t he  calculat ions.)  

surface area of tank, sq f t  

diameter, i n .  

t a  - t s  

emissivity of surface, assumed equal t o  0.06 

f r e e  convection coeff ic ient ,  Btu/(hr) ( s q  ft) (OF) (Estimated from 

radia t ion  coeff ic ient  for emissivity of 1.0 

thermal conductivity of insulat ion,  Btu/(hr) ( sq f t )  (OF/ft) ( A  mean 
value of 0.015 w a s  assumed f o r  t h e  calculations;  see f i g .  9) 

thickness of  insulation, f t  

heat  leak, Btu/hr 

ambient-air temperature, OF 

t i m e ,  h r  

equilibrium surface temperature, OF 

Surface temperatures were determined f o r  insu la t ion  thicknesses of 
1 3/4, l$, 2 ~ ,  and 3 inches, and fo r  ambient temperatures of 80' and -67O F. 

A t  the -67O F ambient temperature, a pressure of 0.1 atmosphere was 
assumed. The natural  convection coeff ic ient  w a s  assumed t o  vary with the  

square root  of t he  pressure, h, s 0 . 2 7 ( ~ )  poS5 where p i s  pressure 

i n  atmosphere s . 

At 0.25 
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The followi,ag t ab le  sumarizes  the  r e su l t s  of these surface- 
temperature calculations:  

In su la t i  cn thickness, T o t a l  insulat ion 
i n .  weight, l b  a t  ambient temperature of - 

! 80' F 

3/4 209 -70 

417 - 15 1 1- 2 

625 10 
1 2- 
4 

3 835 23 

These da ta  are p lo t ted  i n  f igure  11. 

Once t h e  surface temperatures have been determined, 
r a t e  i s  e a s i l y  calculated f rom the  equation 

-67' F 

-271 

-209 

- 182 
- 162 

the  heat-leak 

Heat-leak r a t e s  expressed i n  Btu per  hour and a l so  as pounds of hydrogen 
evaporated per  hour as a function of  insulat ion thickness a r e  shown i n  
f igure  1 2 .  
of insu la t ion  i s  about 255 pounds per  hour. The amount of hydrogen gas 
necessary t o  maintain the  tank pressure while removing l i qu id  a t  the rate 
o f  1350 pounds per  hour i s  obtained by multiplying t h e  liquid-flow rate 
by the  r a t i o  of vapor to l iqu id  dens i t ies  a t  the  tank pressure. 
pounds per  square inch, t he  r a t i o  of vapor t o  l i q u i d  dens i t i e s  ( f i g .  1) 
i s  about 0.036. Therefore, about 49 pounds per hour of hydrogen gas w i l l  
maintain t h e  tank pressure.  This amount i s  only about 20 percent of t he  
vaporization r a t e  due t o  heat leak f o r  the 2--inch insu la t ion  thickness.  
The heat leak a t  higller ambient temperatures can be  approximated by multi- 
plying the  heat leak calculated f o r  t h e  80' F ambient by t h e  r a t i o  of t he  
over-al l  temperature differences involved. 

The vaporization r a t e  a t  t h e  a l t i t ude  condition with 2 2  inches 

A t  30 

1 
4 

These heat-leak calculations have not assumed any addi t ional  i n su la t -  
ing value t h a t  might be obtained through i n s t a l l a t i o n  of th i s  tank i n  an 
aircraft fuselage.  The heat-leak calculations should therefore  be con- 
servat ive f o r  t h i s  type of i n s t a l l a t ion .  

External ly  mounted tanks would have higher convective heat- t ransfer  
coef f ic ien ts  than t h e  free-convection coeff ic ients  assumed i n  eva lua t ing  
equation (1) . 
leak calculat ions w i l l  be somewhat low for conditions during f l i g h t .  

Consequently, with an external i n s t a l l a t ion ,  these heat- 

F i l l i n g  Tank 

The problem of f i l l i n g  the  tank w i t h  l i q u i d  hydrogen, when it i s  a t  
r 3 3 m  temperature and f i l l e d  with a i r  i n i t i a l l y ,  i s  e s sen t i a l ly  one of both 



cooling and purging. 
the  tank and insulat ion from an ambient temperature of 80' F t o  l iqu id-  
hydrogen temperatures c m  be estimated by using t h e  integrated heat-  
capacity curve f o r  i ron  ( f i g .  6)  and t h e  heat-capacity value f o r  Styro- 
foam. 
l e s s  than 150,000 Btu. 

The amount of hea t  t h a t  must be removed i n  cooling 

l For an insulat ion thickness of  2~ inches, t h i s  heat amounts t o  

I n  order t o  prevent the  formation of any so l id  materials,  which 
might plug f u e l  l i n e s  or or i f i ce s ,  it w i l l  be necessary t o  purge the tank 
and lines with e i the r  helium or hydrogen gas, since any other  material 
w i l l  be s o l i d  at these temperatures. 

There are several a l t e rna t ive  schemes f o r  f i l l i n g  the  tank: 

(1) Flushing with gaseous helium, then f i l l i n g  with l i q u i d  hydrogen 
d i r e c t l y  

I 
( 2 )  Cooling with l i q u i d  nitrogen, f lushing with helium, then f i l l i n g  

with l i q u i d  hydrogen 

(3) Cooling and f lushing with helium t h a t  has been cooled by l i qu id  
nitrogen 

(4) Flushing with helium cooled by a mechanical r e f r ige ra t ion  cycle 

Since the  heat capacity of l i q u i d  hydrogen i s  r a the r  high ( f i g .  13 
and ref .  ZS), t h e  cooling load could be absorbed as sensible  heat  i n  the  
l iqu id .  
The temperature of t he  saturated l i qu id  a t  t h i s  pressure i s  4lC R ( f i g .  
2 )  o r  about 4' R above the  normal boi l ing  point .  
i t y  of the  l i qu id  over t h i s  temperature in t e rva l  i s  about 2 . 4  Btu per 
pound per  ?R. 
w C p n t  = (25,000)(2.4)(4) = 240,000 Btu where 
c 
i s  more than enough t o  absorb t h e  f u l l  cooling load. 

The tank i s  designed for a working pressure of 2 atmospheres. 

!The average heat  capac- 

The heat sink ava i lab le  i n  t h e  l i qu id  is, then, 
w i s  mass i n  pounds and 

i s  heat  capacity a t  constant pressure i n  Btu per pound per  %. This P 

It w i l l  be noted from f igure 6 t h a t  about 95 percent of t h e  cooling 
When load could be extracted by using l i q u i d  nitrogen t o  cool  t he  tank. 

the  tank i s  cooled by some other means than using t h e  heat  capacity of 
t h e  l i q u i d  hydrogen t o  absorb t h e  heat load, t he  f i l l e d  tank can stand 
f o r  a longer  t i m e  without losing any hydrogen through evaporation. 
heat sink available i n  t h e  l i qu id  i s  used t o  absorb t h e  heat leak in to  
the  tank u n t i l  t he  l i qu id  temperature r i s e s  t o  a point  where the  vapor 
pressure i s  equal t o  the tank design pressure.  
called the  no-loss time i n  t h i s  repor t .  The var ia t ion  of no-loss t i m e  
f o r  t h e  30-pound-per-square-inch working-pressure tank reported herein 
i s  plot ted against  insu la t ion  thickness  i n  f igu re  14. For the 2 2  inch 
insulation, t h e  no-loss time i s  about 165 minutes. 

The 

This t i m e  has been 
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It may be des i rab le  t o  maintain t h e  tanks i n  a refr igerated,  stand- 
Therefore, it i s  by condition, ready t o  be f i l l e d  with l iquid hydrogen. 

suggested t h a t  a cycling system using helium gas, cooled by l iqu id  n i t ro -  
gen, may b e  cycled through the  tank until such t i m e  as it i s  desired t o  
f i l l  with l i q u i d  hydrogen. The introduction of l iqu id  hydrogen, then, 
does not  impose a great thermal shock on t h e  tank, the  loss of hydrogen 
through vaporization i n  cooling from liquid-nitrogen t o  liquid-hydrogen 
temperature i s  r e l a t i v e l y  small, and the  system i s  f u l l  of helium gas 
p r i o r  t o  t h e  introduction of t he  l i qu id  hydrogen. 

SUMMARY O F  CALCULATIONS 

The r e s u l t s  of the  foregoing calculat ions a r e  summarized i n  the  
following tab le :  

Size:  
Diameter, f t  . . . . . . . . . . . . . . . . . . . . . . . . .  
Length, f t . .  . . . . . . . . . . . . . . . . . . . . . . . .  

gal  . . . . . . . . . . . . . . . . . . . . . . . . .  
Working pressure, a t m  . . . . . . . . . . . . . . . . . . . . .  

lb/sq i n .  . . . . . . . . . . . . . . . . . .  
Styrofoam insulationb: 

Thickness, i n .  . . . . . . . . . . . . . . . . . . . . . . . .  
Density, lb/cu f t  . . . . . . . . . . . . . . . . . . . . . .  
Shel l ,  lb . . . . . . . . . . . . . . . . . . . . . . . . . .  
Insulat ion,  Ib . . . . . . . . . . . . . . . . . . . . . . . .  
Covering, lb . . . . . . . . . . . . . . . . . . . . . . . . .  
Allowance f o r  b a f f l e s  and s t i f f ene r s ,  lb . . . . . . . . . . .  
Approximate t o t a l  weight, lb . . . . . . . . . . . . . . . . .  

Estimated performance at ambient temperature, OF: . . . .  80 
Outer surface temperature, 4. . . . . . . . . . . . . .  10 
Heat-leak rate, Etu/-:i- . . . . . . . . . . . . . . .  88,000 

. . . . . . . . . . .  454 
No-loss time on ground, min . . . . . . . . . . . . . .  165 

%olds 25,000 l b  l i q u i d  hydrogen with 9 percent expansion volume. 
beovered with layer  cf Mylar-aluminum f o i l .  
'About 14 percent of Fuel weight. 

Volume, cu f t  . . . . . . . . . .  . . . . . . . . . . . . .  
Surface area, sq f t  . . . . . . . . . . . . . . . . . . . . .  

Weight of tank: 

Hydrogen-vaporize tLon rzte,  lb/hr 

. . 10 . 81.6 
6151" 

45,800 . 2564 . . .  2 - - 30 

1 

- . 1.3 
. . 2 z  

. 2564 

. 625 - 64 . 247 

. 3500' 

- 182 
49 , 500 

255 

-67 

CONDLUDING F3MARKS 

From a consideration of the physical p roper t ies  of mater ia ls  and 
thermal in su la to r s  now available,  it appears f eas ib l e  t o  design a 
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liquid-hydrogen f u e l  tank f o r  aircraft  use which (1) w i l l  weigh less 
than 15 percent of t h e  f u e l  weight, (2)  w i l l  have a hydrogen vaporizatior 
r a t e  less than 30 percent of t he  c ru i se  fuel-flow rate, and (3) can be 
held i n  a stand-by condition and readied f o r  f l i g h t  i n  a short  time. 

Lewis F l igh t  Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, June 22, 1955 
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TABLE I. - PHYSICAL PROPERTIES OF HYDROGEN 

Molecularweight . . . . . . . . . . . . . . . . . . . . . . . . 
Heating value, Btu/lb . . . . . . . . . . . . . . . . . . . . . 
Eoiling poin t  a t  1 a t m ,  OR . . . . . . . . . . . . . . . . . . . 
Melting poin t ,  OR . . . . . . . . . . . . . . . . . . . . . . . 
C r i t i c a l  pressure, a t m  . . . . . . . . . . . . . . . . . . . . . 
C r i t i c a l  density,  lb/cu f t  . . . . . . . . . . . . . . . . . . . 
I a t e n t  heat of melting, Btu/lb . . . . . . . . . . . . . . . . 
I a t e n t  heat of vaporization, Btu/lb . . . . . . . . . . . . . . 
Density, l i q u i d  a t  1 a t m  and 3 7 O  R, lb/cu f t  . . . . . . . . . . 
Density, vapor a t  1 a t m  and 492' R, lb/cu f t  . . . . . . . . . . 

C r i t i c a l  temperature, OR . . . . . . . . . . . . . . . . . . . .  

Viscosity, l iqu id ,  centipoises . . . . . . . .  . . . . . . . . .  

2.016 
51,571 

37 
25.2 
59.6 
12.8 
1.95 
25.2 
194 
4.42 

0.0056 
0.014 
0.695 

Viscosity,  vapor, centipoises a t  TO K . . . . . p = 0.0084 - 
Heat capacity, l i q u i d  parahydrogen a t  37' R, Btu/(lb>(OR) . . . 
H e a t  capacity,  vapor a t  519O R, Btu/(lb)(OR> . . . . . . . . . . 

2.25 
3.4 

(27:. 1) 
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Figure 2. - Pressure-temperature-density relation for saturated liquid hydrogen. 
Data obtained from reference 3. 
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Figure 3. - Yield s t rength of several  a l loys at l o w  temperatures. 
Data obtained 

from references 5 and 6 .  
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Figure 4. - Elongation of several  alloys at low temperatures. Cats obtaived from 
reference 5. 
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Figure 5. - Heat capacity of several metals at low temperatures. Data obtained from reference 7. 
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Figure 8. - Integrated values of l inear coefficients of expansion f o r  
several metals. Data obtained from references 8 t o  10. 
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Figure 9. - Variation of thermal conductivity of Styrofoam 
with temperature. Data obtained from reference 23. 
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Figure 10. - Liquid-hydrogen fuel tank. 



Insulat ion thickness,  L, i n .  

Figure 11. - Variation of surface temperature with i n -  
sulat ion thickness f o r  ambient temperatures of 80’ 
and -67” F. 
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Figure 13. - Heat capac i ty  of l i q u i d  parahydrogen. Data 
obtained from reference 26. 
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Insulation thickness, L, in. 

Figure 14. - Variation of no-loss time with in- 
sulation thickness. Ambient temperature, 
800 F. 
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